Membrane fatty acid composition has an important role in yeast stress resistance, particularly in temperature tolerance. Most studies investigating temperature and membrane fatty acids use the yeast Saccharomyces cerevisiae without considering other yeasts, such as Kluyveromyces marxianus, which has physiological differences and industrial advantages with respect to S. cerevisiae. One of the primary traits of K. marxianus is its thermotolerance. The effect of fatty acid addition (oleic acid, linoleic acid, linolenic acid and araquidic acid) on the thermotolerance of the K. marxianus strain SLP1 was evaluated. SLP1 yeast exhibited temperature tolerance of up to 50
INTRODUCTION
Exposure to high temperatures can cause cell damage in yeasts in different ways and are among the most serious causes of membrane disruption (Singer and Linquist 1998) . The cytoplasmic yeast membrane is composed of glycol sphingolipids, ergosterol, proteins and phospholipids (Sorger and Daum 2003) . The phospholipids are based on a glycerol-3-phosphate backbone with two esterified fatty acid (FA) chains. The predominant FAs in yeast and fungi are palmitic acid (16:0), palmitoleic acid (16:1), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2) and linolenic acid (18:3) (Suutari and Laakso 1994) ; however, their proportions vary according to the yeast strain and environmental conditions (Pedroso et al. 2009 ). Yeasts like Saccharomyces cerevisiae are capable of incorporating FAs from their environment (Cortés-Rojo et al. 2009; Duan et al. 2015) . This incorporation is affected by the synthesis, metabolism and degradation of the FAs (McDonough and Roth 2004) . Because S. cerevisiae is an experimental model organism and a major manufacturer of biotechnological products (Sorger and Daum 2003; Johnson 2013) , most studies of yeast membrane lipids have used S. cerevisiae, without considering other yeasts. Kluyveromyces marxianus has physiological differences from S. cerevisiae (Lane et al. 2011) , and is emerging as yeast with industrial potential for applications including a broad range of sugar utilization, rapid growth rate and ethanol production at high temperatures (Choudhary, Singh and Nain 2016 ). However, a major impediment to using K. marxianus yeast as a cell factory has been the limited fundamental knowledge of its physiology (Morrisey et al. 2015) .
Altering the composition of the cytoplasmic membrane has been proposed to increase yeast thermotolerance (Guerzoni et al. 1997; Caspeta et al. 2014) . Indeed, Guerzoni et al. (1997) showed that thermotolerant S. cerevisiae strains challenged with sublethal H 2 O 2 and/or super optimal temperature treatments respond with an increase of the unsaturation level of cellular FAs. In contrast, Swan and Watson (1999) showed that S. cerevisiae cytoplasmic membranes enriched with linolenic acid (18:3) are more sensitive to heat, ethanol and oxygen-derived free radicals attack. On the other hand, overexpression of catalase and superoxide dismutase genes caused an increase in thermotolerance of S. cerevisiae cells (Davidson et al. 1996) , and yeast cells exposed to anaerobic conditions, increased their thermotolerance 500-to 20 000-fold (Davidson et al. 1996) . All these results suggest that yeast responses to heat stress and oxidative stress are interdependent. These responses are not a general rule since Ianutsevich et al. (2016) showed that the thermophilic fungi Rhizomucor tauricus and Myceliphthora thermophila do not decrease in degree of FA desaturation in the major phospholipids of cellular membrane after these fungi were subjected to heat shock conditions. Because responses to heat stress or oxidative stress are barely studied in K. marxianus (Mejia-Barajas et al. 2017) , in this work we studied the effect of adding the FAs oleic, linoleic, linolenic and araquidic, on the thermotolerance of the K. marxianus strain SLP1. In addition, cell viability and reactive oxygen species (ROS) production was evaluated by exposing the SLP1 yeasts cells to a 55
• C treatment. The results obtained are of interest because K. marxianus strain SLP1 exhibits thermotolerance (Mejia-Barajas et al. 2017) , with a promising potential to be used for fermentation processes to produce bioethanol at high temperatures.
MATERIALS AND METHODS

Yeast strain
The thermotolerant yeast strain SLP1 (Arellano-Plaza et al. 2013) was originally isolated from a mezcal distillery in the Mexican State of San Luis Potosi, and obtained from the culture collection of the Centro de Investigación y Asistencia en Tecnología y Diseño del Estado de Jalisco, México (Gschaedler et al. 2004) . Steels, Learmonth and Watson (1994) .
Growth conditions and FA addition
Cell viability after heat shock treatment
Short-term exposure to heat shock was applied as described in Kim et al. (2006) with several modifications. Yeast cells were grown at 30
• C with or without external FA addition. The cells were collected by centrifugation and diluted at 1 g/mL, then incubated for 2 h at temperatures from 40 • C to 55
• C. The viability of the cells was evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye method according to Hodgson, Walker and Button (1994) . Briefly, 50 μl of MTT solution (5 mg/mL) were added to the cells that were temperature exposed, and the mixture was incubated at 30
• C for 2 h. Then, 500 μl of 2-propanol in 0.04 M HCl was added, and the mixture was vortexed and centrifuged at 11 600× g for 2 min. The pale yellow redox indicator MTT is reduced to a dark blue end product, MTT-Formazan, by the mitochondrial dehydrogenases of living cells (Hodgson, Walker and Button 1994) . The absorbance of the supernatant was measured at 570 nm against a sample control.
Measurement of intracellular ROS
Intracellular ROS in yeast cells were evaluated after hightemperature exposure using a fluorescence-based assay with 2 , 7 -dichlorodihydrofluorescein diacetate (Wang and Joseph 1999) . After 2 h of heat shock treatment at the indicated temperature, 5 mM dichlorofluorescein diacetate was added and the mixture with the cells was incubated in the dark for 15 min at 30
• C. The cells were harvested by centrifugation, washed and suspended in 1930 μL of 50 mM Tris/HCl buffer (pH 7.5). The cells were permeabilized with chloroform and sodium dodecyl sulfate solution, pelleted by centrifugation and the fluorescence of the supernatant fluid was measured using a Shimadzu RF-5301 fluorometer (excitation, 502 nm; emission, 521 nm).
Lipid extraction and FA analysis
Lipids were extracted from yeast homogenates according to Bligh and Dyer (1959) . For FA analysis, methyl esters were generated by the BF 3 -methanol assay of Morrison and Smith (1964) . The extraction was done with n-hexane, and the samples of methyl esters were separated by gas chromatography (Perkin Elmer Clarus 500) on a 30 m × 0.25 mm Omega wax capillary column using high-purity N 2 as the carrier gas. FAs were identified and quantified by comparison of their retention time with those of authentic standards. The ratio of unsaturated fatty acid (UFA)/saturated fatty acid (SFA) was measured as % proportions of total FAs.
Lipid peroxidation
The extent of lipid peroxidation was determined through the thiobarbituric acid assay (Buege and Aust 1978) . Heat shock treatment was done as described above. Yeast cells were suspended in 50 mM Tris-HCl buffer, pH 7.4, containing 10% trichloroacetic acid and then glass beads were added. The cellcontaining samples were broken by agitation using vortexing. After centrifugation at 300× g, supernatant fluids were mixed with 0.1 M EDTA and 1% (w/v) thiobarbituric acid in 0.05 M NaOH. The reaction mixture was heated for 15 min in a boiling water bath and then centrifuged. Supernatant fluid absorbance was measured at 532 nm in a Perkin-Elmer spectrophotometer. The molar extinction coefficient for malondialdehyde (1.56 × 10 5 M −1 cm −1 ) was used.
Statistical analysis
All values are means of three separate experiments. Differences in means were analyzed using ANOVAs. 
RESULTS
Temperature yeast survival
After temperature exposure, the SLP1 yeast cells without added FAs showed 100% survival at 50
• C with respect to survival at 40
• C; at 55
• C comparative cell survival was less than 20%
( Fig. 1a) . Cell survival was measured as cell viability by the dye MTT action after heat shock treatment.
ROS production
Increased temperature can generate overproduction of ROS; therefore, we evaluated ROS production. When the temperature was increased a higher ROS concentration was observed than at 40
• C (Fig. 1b) .
Membrane FAs
In unsupplemented cultures of the K. marxianus, SLP1 yeast (control cells) contained the FA myristic, palmitic, palmitoleic, stearic, oleic, linoleic, linolenic and arachidic (Table 1) . As the dominant FA, 16:0 and 16:1 accounted for 27% and 29% of the total FA, respectively. The flow coefficient was determined dividing the UFAs/SFAs of the unsupplemented FA yeast, and was 1.23, indicating a ratio of 55% of UFAs to 45% of SFAs.
FA supplementation
A change in the FAs profile of the SLP1 yeast cells was generated when the medium was supplemented with external FA. When the monounsaturated FAs or polyunsaturated FAs were added, the palmitic acid (16:0) remained as second largest in proportion; but when the arachidic (20:0) SFA was added, the palmitoleic acid (16:1) was kept as the second FA in proportion. When the FAs were supplemented the membrane yeast flow coefficient changed, primarily in yeast supplemented with linoleic acid, where the flow coefficient was 5.1. In contrast, in presence of the 20:0, the flow coefficient was less than 1 (Table 1) . (Fig. 2a) .
Temperature yeast survival after FA supplementation
Lipoperoxidation
The showed the same grade of lipoperoxidation with respect to control yeast cells. In the control yeast cells supplemented with monounsaturated FAs or SFAs, the lipoperoxidation grade was conserved even when temperature increased (Fig. 2b) .
DISCUSSION
After growing the yeast SLP1 strain with external FA, its thermotolerance was reevaluated, and we observed a direct relation between unsaturated FAs proportions and lipoperoxidation. The SLP1 yeast cells with the higher UFAs proportions in their membranes showed a tendency to increase their damage by exposure to high temperature, and to decrease its thermotolerance. SLP1 yeast cells with the higher SFAs proportions in their membranes showed a tendency to reduce their damage by exposure to high temperature, and to increase its thermotolerance. High temperatures affect yeast viability and limit yeast performance in terms of industrial applications (Mejía-Barajas et al. 2016) . Saccharomyces cerevisiae heat sensitivity is related to membrane lipid composition (Steels, Learmonth and Watson 1994) and thermotolerant S. cerevisiae yeasts alter their membrane composition to maintain their fluidity at high temperatures (Caspeta et al. 2014) . Most studies on the effect of high temperatures on yeast membrane FAs have been carried out with cells of S. cerevisiae. However, recent analysis of membrane FA composition showed that total lipid content varies widely among yeasts, even in the same yeast genus (Arous et al. 2016) . Due to the possible differences in the kind and concentration of FA among yeast, and because K. marxianus yeast are emerging as competitors to S. cerevisiae yeast (Morrissey et al. 2015) due to their biotechnological applications (Lachance and van der Walt 1971) , safe use in food industry and knowledge of their genome sequence (Lertwattanasakul et al. 2015) , we studied the relation of membrane FAs and yeast thermotolerance using the native thermotolerant K. marxianus yeast strain SLP1 (Mejía-Barajas et al. 2017) .
Our results showed that the SLP1 yeast maintains viability until 50
• C, while at 55
• C viability was reduced significantly (Fig. 1a) . One trait of K. marxianus yeast is thermotolerance (Koedrit et al. 2008) as strain SLP1 showed the same viability at 50
• C as at 40
• C, and it has been previously identified as thermotolerant (Koedrit et al. 2008; Mejía-Barajas et al. 2017) . Arous et al. (2016) reported that the more common and abundant yeast FAs are palmitic acid, palmitoleic acid, stearic acid, oleic acid and linoleic acid, with less proportions than other FAs (12:0, 14:0, 20:0 and 22:0) . In the SLP1 yeast, the main FAs were 16:1, 16:0 and 18:1, while the lowest proportion was 18:3. When the membrane FAs of the K. marxianus yeast CC1 were analyzed, linoleic acid was the main FA, while the oleic acid was detected in lower proportion (Arous et al. 2016) . These results show that FA proportions can vary with yeast strains, including yeast of the same species. This report is in agreement with results reported by Arous et al. (2016) .
When the incorporation of exogenous FA by a Schizosaccharomyces pombe yeast was evaluated, the FA supplied in the growth medium were preferentially incorporated into the cells (McDonough and Roth 2004) . Incorporation of exogenous FA has been proposed as an energy-saving strategy during FA production and membrane function in stressful environment conditions (McDonough and Roth 2004) . The external FA incorporated by K. marxianus strain SLP1 were fewer than those reported for S. cerevisiae yeasts strains. Cortés-Rojo et al. (2009) (You, Rosenfield and Knipple 2003; Rupčić and Jurešić 2010) . During alcoholic fermentation, K. marxianus cells responded to temperature rise by increasing levels of SFAs and by decreasing levels of UFAs (Banat et al. 1998; Le, Thanonkeo and Le 2013) . Steels, Learmonth and Watson (1994) reported that S. cerevisiae cells with membranes enriched in polyunsaturated FAs had higher lipoperoxidation than cells enriched with SFAs. Cortés-Rojo et al. (2009) observed that polyunsaturated FAs are susceptible to ROS oxidation. Considering our results, we suggest that high temperatures induce ROS overproduction (Fig. 1b) , generating lipoperoxidation (Fig. 2b) in the yeast cells with enriched polyunsaturated FAs (Table 1) , which decreased cell survival (Fig. 2a) .
The arachidic acid (20:0) previously reported in yeast membranes (Pedroso et al. 2009 ) was decreased in S. cerevisiae yeast adapted to H 2 O 2 (Pedroso et al. 2009 ); however, in this study, this FA promoted a higher survival at 40
• C with respect to the strain SLP1cells without FA supplementation (Fig. 2a) . When the 20:0 was incorporated into the strain SLP1 yeast membrane, the proportions of other UFAs increased, probably to keep their membrane fluidity. Duan et al. (2015) evaluated the effects of adding UFAs in S. cerevisiae. The UFAs improved yeast growth, fermentation activity and concentration of synthesized volatile compounds. These results could be relevant to the study of the fermentative capacity and aroma compounds produced by the K. marxianus strain SLP1 with external FAs addition. The yeast strains from K. marxianus are already known as some of the better yeast volatile compound producers (Morrissey et al. 2015) .
CONCLUSIONS
Our results suggested that the addition of a mixture of SFAs and UFAs could improve K. marxianus yeast thermotolerance.
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